Abstract: An innovative and, as yet, untested approach is to analyze serpentinite and metabasite rocks containing asbestos using a portable multi-analytical device, which combines portable digital microscopy (p-DM), portable X-ray Fluorescence (p-XRF) and portable micro-Raman Spectroscopy (p-µR). The analyses were carried out in two inactive quarries of serpentinitic and metabasitic rocks from the Gimigliano-Mount Reventino Unit (Southern Italy) already characterized in previous studies, with the aim of testing the efficiency of these portable tools. In this study, a portable X-ray fluorescence analyzer was used to obtain the in situ rapid chemical discrimination of serpentinite and metabasite rocks. The characterization of outcropping rocks using portable devices enabled us to detect the presence of chrysotile and asbestos tremolite. The results obtained were consistent with the findings from previous research studies and therefore combining p-DM, p-XRF and p-µR could be a useful approach for discriminating asbestos contained in outcropping rocks, especially when sampling is prohibited or for field-based sampling.
Introduction
Harmful asbestos minerals that are regulated by law (in Europe and in several countries worldwide) include chrysotile, tremolite, crocidolite, anthophyllite, actinolite and amosite [1] . Over the last few decades there has been an increase in the incidence of chronic respiratory and degenerative diseases caused by exposure to airborne asbestos from artificial and natural sources [2, 3] . Due to their outstanding characteristics, asbestos fibers were used in more than 3000 industrial applications and for manufacturing various types of products (e.g., asbestos cement, eternit, disc brake pads) known as asbestos-containing materials (ACMs) from 1720 until the 1980s [4] . The associated occupational health hazards have been investigated and identified [5] [6] [7] [8] . In Europe and several other countries, the asbestos prohibition laws [9] banning the use of asbestos fibers have reduced the number of workers currently exposed to asbestos. However, asbestos fibers can be hosted in serpentinite or metabasite rocks whose outcrops are known as naturally occurring asbestos (NOA) [10] [11] [12] [13] [14] [15] . Until the enactment of laws [9, 16] , which regulates the extraction, processing and use of rocks containing asbestos fibers, these rocks were quarried and used indiscriminately for various purposes. For example, ever since antiquity serpentinite and metabasite have been used as building materials and ornamental stones worldwide [17, 18] .
In recent years several studies have focused on NOA with the aim of determining the potential health risks for neighboring populations [19] [20] [21] [22] [23] . This is due to the relatively widespread presence of NOA that are currently being excavated for numerous construction projects (railway lines, motorways etc.). Environmental NOA exposure is known to cause several types of lung disease [24, 25] .
Human health can be damaged by inhaling fibers when they become airborne due to weathering or human activities that produce dust [22, 26] . Moreover, it is important to note that asbestos minerals may host many toxic elements (e.g., Cr, Ni) [27, 28] , indeed serpentinite and metabasite derived soils are usually rich in heavy metals, which are known to have a negative impact on environmental quality and on agricultural activity [26, 29] .
Nowadays, due to the adverse health effects associated with asbestos exposure, various laboratory techniques are used to characterize the occurrence of asbestos fibers in rock samples [30] [31] [32] [33] [34] [35] [36] . Although to date sporadic studies have been carried out on asbestos identification using portable devices [37, 38] , in recent years both the portable XRF and portable Raman techniques have been successfully used for the chemical and mineralogical characterization of rocks and artifacts [39, 40] .
The aim of our study is to promote the portable monitoring of asbestos fibers present in rock outcrops, using portable digital microscope (p-DM), portable X-ray fluorescence (p-XRF) and portable µ-Raman spectroscopy (p-µR). To achieve this ambitious goal, we cross-checked the data obtained from the p-DM, p-XRF and p-µR on the serpentinites and metabasites outcropping in the Gimigliano-Mount Reventino Unit (GMRU) [14, 41] . Previous studies [15, 42, 43] [28] . The toxicology of chrysotile, such as tremolite asbestos, is associated with size, durability, and chemical composition [27, 44, 45] .
In this study, we present the possible applications of p-DM, p-XRF and p-µR to determine their efficiency in identifying asbestos minerals under field conditions. This fact was never recognized in previous papers. Portable techniques that can identify asbestos minerals in situ in polluted areas (NOA-inactive quarries) or on asbestos-containing materials (ACMs), could provide support to conventional analytical techniques to facilitate and accelerate qualitative field analysis of asbestos minerals.
Geological Setting
The study area occurs on Mount Reventino (Figure 1 ) located in the Sila Piccola in the northern sector of the Calabrian-Peloritan Orogen [41, 46] . This is a nappe pile, which can be described as the superposition of three major structural elements that represent different paleogeographic domains: (i) The Apennine Units Complex made up of Mesozoic sedimentary and metasedimentary successions (Trias-Miocene) [47] ; (ii) The structurally intermediate allochthonous Alpine Liguride nappe (Tithonian-Neocomian) made up of a series of Alpine metamorphic units including a Cretaceous-Paleogene metapelitic-ophiolitic-carbonate assemblage [41, 46] ; (iii) The Calabride Complex formed by Hercynian and pre-Hercynian gneiss, granite and metapelite. The Liguride nappe consists of HP-LT ophiolitic sequences, in which a metabasic and metaultramafic association constitutes the basis of a complex metasedimentary cover, ranging from pelagic to flyschoid types of sediments [41] . The ophiolitic sequence includes: (i) a serpentinized mantle of ultramafic rocks and ophicalcites, cropping out only in the Gimigliano-Mount Reventino area and in close association with overlying metabasites; (ii) metabasalts and subordinate metadolerites, with transitional MORB affinity; (iii) a metasedimentary cover including both flyschoid facies and pelagic facies, composed of alternating metapelites, metalimestones and metarenites of uncertain ages. The geology of Mount Reventino is characterized mainly by lenses of metabasalts and serpentinites limited in contact, by low angle tectonic systems [41] with the metarenites and metapelites of the Frido Unit [48] . The massive-banded metabasalts and serpentinites lenses constitute the summit of Mount Reventino. In the ophiolitic bodies, the serpentinites occupy the cores of the major tight folds and are partially or completely surrounded by isolated bodies of metabasalts [41, 49] . 
Materials and Methods
Measuring points were acquired in two inactive quarries located in Mount Reventino (Figure 1 ). The crystallinity, chemistry, thermal behavior, and other characteristics of minerals found in inactive serpentinite and metabasite quarries have already been reported [15, 42, 43] . Collected p-µR spectra as p-XRF spectra, were conducted exclusively on fibrous morphologies found inside the serpentinite and metabasite veins, observed using p-DM and Raman microscope. In the field, the analyzed points were preliminarily inspected with reflected light using a Colemeter USB Handheld (ColeMeter Instruments Co. Ltd: HongKong, China) (500×) p-DM to select a more fibrous area to analyze with p-XRF and p-µR.
P-XRF was performed using a spectrometer "Bruker Tracer IV-SD"(Bruker Corporation: Billerica, Massachusetts, MA, USA) equipped with a Rh X-ray tube; the following conditions were used for the analyses: acceleration voltage of 40 kV, current intensity of 35 µA, spectrum accumulation of 120 s, vacuum <17 Torr, no filters, spot size of approximately 5 mm. The element assignments were defined with "Bruker AXS MA Artax 7.4" software. The peak intensities for the p-XRF spectra were indicated as counts per second (cps).
P-µR were performed by a I-Raman B&WTEK, model BWS415 Spectrometer (B&W Tek: Newark, New Jersey, USA), coupled with A BAC151B portable microscope (B&W Tek: Newark, New Jersey, USA), using 40 and 80× magnification. The 532.0-nm line was used at an incident power output of 7.4 to mW.
Results and Discussion
Firstly, the two inactive quarries were visually inspected (Figure 2a ) to identify the points on which to perform the analyses. Before carrying out the p-XRF and p-µR analyses, a morphological investigation was carried out on the veins of the serpentinite (Figure 3a ) and metabasite rocks (Figure 3b ) using a p-DM to determine the occurrence of fibrous minerals. At the scale of the outcrop, the dark green serpentinites look massive with veins network and lamellar morphology developing inside; the fibers were either isolated or wrapped in flexible bundles (Figure 3a) . Straight, white fibers were found inside the metabasite rocks (Figure 3b) . The p-XRF (Figure 2b ,c) and p-µR analyses (Figure 2d ) were carried out on the same points inside the veins where fibrous morphologies were observed (Figure 3) . Only inside the veins was possible to identify fibers by p-DM while no fibrous chrysotile and tremolite was detected from rock mass surrounding the veins.
Thickness of veins which cross-cut the massive serpentinites and metabasite bodies, ranges from a few millimeters to 1-3 cm (Figure 2b ,c, and Figure 3) . Figure 4 shows the fluorescence spectra of the serpentinite and metabasite rocks. As expected, the spectra are very different, serpentinite shows the presence of Si, Fe, Ni, Mg, Mn with minor Al, Ti and Cr while metabasite XRF spectra showed substantially the same elements but with the addition of calcium (Figure 4) . The presence of Rh is not attributable to the matrix analyzed, but it comes from the source emission.
The presence of these chemical elements, enabled us to put forward some hypotheses on the minerals hosted in serpentinite and metabasite rocks. The presence of Si, Fe and Mg indicate the presence of serpentine minerals (chrysotile, lizardite and antigorite) in the serpentinitic rocks. However, the mineralogical composition of serpentinites is rather complex.
The discrimination of the all serpentine varieties [50] using only p-XRF was not possible due to the negligible chemical differences between serpentine phases; in fact, chrysotile, antigorite and lizardite have a very similar chemical composition [28] , usually close to the magnesian end-member Mg 3 Si 2 O 5 (OH) 4 .
Under these conditions, the data are not quantitative; however, in the first step the presence of Fe, Ni and Mn in serpentinite could suggest both an isomorphous substitution of Mg in the octahedral sites of serpentine minerals [51, 52] and/or the presence of mineral impurities combined with serpentine minerals (e.g., chlorite, magnetite). Other elements are also detected in serpentine minerals such as Ti, Cr, (Figure 4 ), which represent an almost exclusively isomorphous substitution of Mg [53] .
The presence of Ca in metabasite rocks as well as Si, Fe and Mg suggests the presence of tremolite or actinolite. In the first step, the presence of Cr, Fe and Ni (Figure 4 ) are confirmed by data reported in literature [42, 54] . In fact, Fe could be a suitable substitute for Mg in the M(1), M(2), M(3), M(4) sites of tremolite [28, 55] .
Moreover, these results are in line with a previous study which reported that Ni can occupy the specific crystallographic M(1) and M(3) sites in calcic amphibole [56] and Cr can be a major component in calcic amphiboles occupying mainly M(2) sites [55] . These p-XRF data could be used to make a sampling plan aimed at identifying hotspot areas of heavy metal contamination such as the asbestos quarries/mines in Italy, Canada, India, and Argentina [20, 41, [57] [58] [59] . Collected Raman spectra as p-XRF spectra, were conducted exclusively on fibrous morphologies observed inside the serpentinite veins (Figure 3a) using Raman microscope and p-DM. The authors are aware that the identification of the fibrous morphology of minerals is not proof of the presence of asbestos minerals. In fact, both chrysotile and amphibole fibers hosted in serpentinite and metabasite rocks may exhibit intergrowth with other fibrous minerals at a submicrometric scale which are not classified as asbestos minerals (e.g., polygonal serpentine, fibrous diopside, fibrous antigorite and fibrous talc) [60] as well as fibrous erionite [61] . Therefore, characterization using p-µR was essential to confirm the previous hypotheses based on the chemical composition and morphological observations.
The study of the serpentinite using p-µR confirmed the presence of serpentine minerals ( Figure 5 ). Indeed, the Raman spectra show the patterns reported in Figure 5a , which unambiguously identify chrysotile [62, 63] . In fact, it is possible to observe the bands of the chrysotile at 694, 387 and 232 cm −1 (Figure 5a) . Moreover, antigorite of lamellar morphology was detected in the veins of serpentinitic rocks. In particular, Raman spectrum shows (Figure 5b ) the characteristic bands at 683, 377 and 230 cm −1 [62, 63] . Other serpentine minerals such as lizardite and polygonal serpentine were not found, which is consistent with previous findings [15, 42, 43] . Figure 5c shows the points analyzed on metabasite using p-µR which revealed the presence of amphiboles. In particular, Raman spectra shows the typical tremolite bands at 1061, 1031, 676, 533, 513, 418, 396 and 225 cm −1 [64] [65] [66] . These Raman bands agreed with the findings of Jehlička et al. [37] by portable Raman, however it is important to note that the morphology (i.e., fibrous or tabular) of the tremolite investigated by Jehlička et al. [37] was not specified therefore it is unworkable to make comparisons with our fibrous tremolite.
This study outlined that in both serpentinite and metabasite rocks, there are asbestos minerals such as chrysotile and asbestos tremolite, suggesting that human activities can disturb and provoke the release of inhalable asbestos in the atmosphere, triggering thus mechanisms of hazardous exposition for population. Since the dispersion of fibers could be associated with carcinogenic lung cancer, in our opinion in areas where NOA can be found, the institutions should publish local maps indicating areas with mineralogical concern and realization of constructions (e.g., civil constructions, building stones, road yards and quarry excavations) must have dust control measure to avoid hazardous exposures.
Conclusions
In the serpentinitic and metabasite rocks outcropping in the inactive quarries in the Gimigliano-Mount Reventino Unit (S-Italy), asbestos fibrous minerals such as chrysotile and asbestos tremolite, for the first time were identified by cross-checking the data obtained from p-DM, p-XRF and p-µR.
The portable digital microscope enables us to distinguish fibrous and other morphologies. Analysis with p-XRF is not sufficient to solve the issues regarding the identification of asbestos minerals, however it enables us to distinguish between serpentinitic and amphibole asbestos phases. Finally, the chrysotile and tremolite asbestos were easily identified due to their characteristic Raman spectrum. The asbestos minerals found in the outcrops analyzed are consistent with the findings of previous studies [15, 42, 43] . This study highlights the versatility and effectiveness of portable micro-Raman Spectroscopy which enables us to obtain reliable information on the mineralogical distinction between different fibrous phases (i.e., chrysotile and tremolite).
The authors are aware that conventional laboratory analyses must be carried out to obtain an accurate mineralogical characterization of outcropping minerals. However, the simultaneous use of portable analyzers (p-DM, p-XRF and p-µR) may prove useful for: (i) the rapid identification of fibrous asbestos minerals especially when sampling is not possible (e.g., doorways of churches or columns with serpentinite rocks); (ii) developing a targeted sampling plan for identifying areas polluted with both asbestos minerals and heavy metals. Moreover, this approach can be preparatory for optimizing additional specific techniques aimed at classifying NOA.
